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We realized a potential energy gradient—a ramp—for indirect excitons using a shaped electrode at
constant voltage. We studied transport of indirect excitons along the ramp and observed that the
exciton transport distance increases with increasing density and temperature. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4722938]
An indirect exciton in a coupled quantum well (CQW)
structure is a bound state of an electron and a hole in separate
wells (Fig. 1(a)). The spatial separation allows one to control
the overlap of electron and hole wavefunctions and engineer
structures with lifetimes of indirect excitons orders of magni-
tude longer than those of direct excitons. Long lifetimes of
the indirect excitons allow them to travel over large distan-
ces before recombination.1–10 Furthermore, indirect excitons
have a built-in dipole moment ed, where d is close to the dis-
tance between the quantum well (QW) centers that allows
their energy to be controlled by voltage: an electric field Fz
perpendicular to the QW plane results in the exciton energy
shift E ¼ edFz.11 These properties allow studying transport
of indirect excitons in electrostatically created in-plane
potential landscapes Eðx; yÞ ¼ edFzðx; yÞ.
Exciton transport was studied in various electrostatic
potential landscapes including circuit devices,12–14 traps,15
lattices,16,17 moving lattices—conveyers—created by a set of
ac voltages,18 and narrow channels.14,19,20 Several exciton
transport phenomena have been observed, including the
inner ring in emission patterns,4,6,8,10,21,22 transistor effect
for excitons,12–14 localization-delocalization transition in
random potentials4,6,8 and in lattices,16,17 and dynamical
localization-delocalization transition in conveyers.18 Exciton
transport was also studied in potential energy gradients cre-
ated by voltage gradients in electrodes.1,7
In this work, we study exciton transport in a potential
energy gradient—a ramp—created by a shaped electrode at
constant voltage. We utilize the ability to control exciton
energy by electrode shape23 and design the shape of a top
electrode on the sample surface so that a voltage applied to it
creates a constant potential energy gradient for indirect exci-
tons in the CQW. The excitonic ramp realizes directed trans-
port of excitons as a diode realizes directed transport of
electrons.
The advantages of this shaped-electrode-method include
the suppression of heating by electric currents in electrodes
(such currents may appear in the case when the ramp poten-
tial is created by a voltage gradient in the top electrode) and
the opportunity to engineer the exciton energy profile along
the ramp by designing the electrode shape. We also measure
exciton transport in a narrow channel formed by a voltage
applied to an electrode stripe of constant width—a flat-
energy channel.14,20
The CQW structure is grown by molecular beam epi-
taxy. An nþ-GaAs layer with nSi¼ 1018 cm3 serves as a ho-
mogeneous bottom electrode. A semitransparent top
electrode is fabricated by depositing a 100 nm indium tin ox-
ide layer. Two 8 nm GaAs QWs separated by a 4 nm
Al0.33Ga0.67As barrier are positioned 100 nm above the n
þ-
GaAs layer within an undoped 1 lm thick Al0.33Ga0.67As
layer. Positioning the CQW closer to the homogeneous elec-
trode suppresses the in-plane electric field,24 which other-
wise can lead to exciton dissociation.25 Excitons are
photoexcited by a 633 nm HeNe laser focused to a spot with
full width half maximum 4lm.
FIG. 1. (a) CQW band diagram. e, electron and h, hole. (b) Scanning elec-
tron microscope image of the electrode, which forms the linear potential
energy gradient—ramp (center) and flat-energy channels (sides) for indirect
excitons. (c) Indirect exciton PL profile in the flat channel (black).
Pex ¼ 0:5 lW, Tbath ¼ 1:6 K. Laser excitation profile is shown in gray. (d)
Simulated potential energy for indirect excitons in the ramp surrounded by
flat-energy channels (thin lines show extrapolations). (e) Indirect exciton PL
energy in the ramp. Pex ¼ 0:02 lW, Tbath ¼ 5:4 K. (f) Indirect exciton PL
profile in the ramp (black). Pex ¼ 0:5 lW, Tbath ¼ 1:6 K. Laser excitation
profile is shown in gray. Ve ¼ 3 V for all data.a)Electronic mail: jleonard@physics.ucsd.edu.
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Figure 1(c) shows the profile of the indirect exciton pho-
toluminescence (PL) intensity I(x) in the 3 lm channel. The
laser excitation profile is shown in gray. The emission pat-
tern has two maxima around the excitation spot and is nearly
symmetric relative to the excitation spot position. This pat-
tern is similar to the inner ring studied previously.4,6,8,10,21,22
The inner ring was explained in terms of exciton transport
and cooling: optical excitation heats the exciton gas, excitons
cool towards the lattice temperature as they travel away from
the excitation spot, the cooling results in an increase in the
occupation of the low-energy optically active exciton states
and, as a result, the appearance of an emission ring around
the excitation spot.4,6,8,10,22
Figure 1(d) presents a numerical simulation of the
potential energy profile for indirect excitons edFz for con-
stant voltage Ve ¼ 3 V applied to the top electrode shown
in Fig. 1(b). The principle of the ramp is the following: a
thinner electrode produces a smaller Fz due to field diver-
gence near the electrode edges, therefore narrowing the elec-
trode increases the exciton energy thus creating a ramp
potential for excitons. The electrode shape (Fig. 1(b)) was
designed to obtain a linear ramp with a constant gradient of
the exciton energy (Fig. 1(d)). The energy gradient for indi-
rect excitons in the ramp can be controlled by voltage—it is
proportional to Ve. The ramp is surrounded by flat-energy
channels where the electrode width is constant (1lm left of
the ramp and 3lm right of the ramp). The energy of indirect
excitons is constant in the flat-energy channels (Fig. 1(d)).
Figure 1(e) shows the measured spatial profile of the
emission energy of indirect excitons along the ramp
EðxÞ ¼ Ð EIðx;EÞdE=IðxÞ, where IðxÞ ¼ Ð Iðx;EÞdE. The
measurement was performed at Tbath ¼ 5:4 K and
Pex ¼ 0:02 lW: a higher temperature was chosen to reduce
the effect of QW disorder and a low laser excitation—to
reduce the effect of exciton-exciton repulsion, these effects
are described below. The energy of the indirect excitons was
measured relative to the direct exciton energy, which is prac-
tically independent on x. The measured (Fig. 1(e)) and calcu-
lated (Fig. 1(d)) ramp profiles are qualitatively similar (note
that the measured energy difference between the direct and
indirect exciton also includes the difference between the
direct and indirect exciton binding energies, a few meV for
the CQW (Ref. 26)).
Figure 1(f) shows the profile of the indirect exciton PL
intensity I(x) in the ramp. The laser excitation profile is
shown in gray. In contrast to the flat-energy channel
(Fig. 1(c)), on the ramp (Fig. 1(f)), I(x) is asymmetric rela-
tive to the excitation spot due to exciton transport along the
potential energy gradient.
We studied exciton transport in the ramp for different
excitation powers Pex and cryostat temperatures Tbath. Exci-
ton transport in the ramp is presented by the extension of the
exciton cloud along the energy gradient (Fig. 2). We quantify
it by the first moment of the PL intensity M1 ¼
Ð
xIðxÞ
dx=
Ð
IðxÞdx, which characterizes the average transport dis-
tance of indirect excitons along the ramp. Figure 2 shows
that the exciton transport distance along the ramp increases
with density. We attribute this to the screening of the disor-
der in the structure by indirect excitons. The screening origi-
nates from the repulsive interaction between indirect
excitons, which are dipoles oriented perpendicular to the
QW plane.22,27 Such screening improves the exciton mobil-
ity and, as a result, increases their transport distance along
the energy gradient. Figure 2 also shows that exciton trans-
port distance along the ramp increases with temperature. We
attribute this to the thermal activation of indirect excitons in
the disorder potential that facilitates their transport. These
interpretations are in agreement with the theoretical model
presented below. A drop of M1 observed at the highest exci-
tation powers can be related to a photoexcitation-induced
reduction of the electric field Fz in the device.
The measurements of exciton transport in a ramp and in
a flat-energy region allow estimating the exciton temperature
T. The former measurement provides an estimate for the
exciton mobility lx, the latter—for the exciton diffusion
coefficient Dx, and the Einstein relationship between them—
for the exciton temperature. The exciton diffusion coefficient
can be estimated using Dx  w2=sopt, where w is the half-
width at half-maximum of the indirect exciton emission
cloud in the flat-energy region and sopt is the indirect exciton
lifetime (sopt  50 ns in the structure). The exciton mobility
can be estimated using lx ¼  M1soptrUramp, where rUramp is
the exciton potential energy gradient in the ramp. For
Tbath ¼ 1:6 K and Pex ¼ 0:02 lW, the estimate gives
Dx  3 cm2=s, lx  3000 cm2=eVs, and T ¼ DxkBlx  10 K (kB
is the Boltzmann constant). This estimate is consistent with
the exciton temperature in the excitation spot obtained within
the theoretical model for the exciton energy relaxation and
transport in a ramp (Fig. 3(a)). This model is described below.
We modeled the in plane transport of excitons in the
ramp using the following non-linear partial differential equa-
tion for exciton density nx:
r½Dxrnx þ lxnxrðu0nx þ UrampÞ  nx=sopt þ K ¼ 0: (1)
The first and second terms in the square brackets account
for exciton diffusion and drift, respectively. In the one
FIG. 2. The average transport distance of indirect excitons along the ramp
M1 as a function of excitation density Pex for Tbath ¼ 1:6 (black circles) and
5.4 K (red triangles), Ve ¼ 3 V.
231106-2 Leonard et al. Appl. Phys. Lett. 100, 231106 (2012)
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
131.251.254.28 On: Thu, 20 Feb 2014 12:25:47
dimensional geometry relevant to the experiment,
r ¼ @=@x. The exciton dipole-dipole repulsion, which is
approximated by u0nx with u0 ¼ 4pde2=eb (eb is the back-
ground dielectric constant),6,22,27 and the ramp potential
Uramp ¼ edFz is included in the drift term. The decay rate of
excitons is given by 1=sopt. KðxÞ is the exciton generation
rate. The diffusion coefficient and mobility are related by the
generalized Einstein relationship lx ¼ Dx=kBT0ðeT0=T  1Þ,
where T0 ¼ ð2ph2nxÞ=ðMxgkBÞ is the quantum degeneracy
temperature. Here, g ¼ 4 is the spin degeneracy. The diffu-
sion coefficient is given by the thermionic model
Dx ¼ D0eU0=ðu0nxþkBTÞ, where U0=2 ¼ 0:75 meV is the am-
plitude of disorder potential in the structure.27 In addition,
we included a thermalization equation to account for energy
relaxation of photoexcited excitons:
SphononðT0; TÞ ¼ SpumpðT0; T;K;EincÞ; (2)
where Sphonon is the cooling rate due to bulk longitudinal
acoustic phonon emission, Spump is the heating rate due to the
laser excitation, and Einc is the excess energy of photoexcited
excitons (17 meV in the simulations). Expressions for
Sphonon; Spump; sopt, and all other parameters of the model are
given in Refs. 6, 8, and 27.
The results of the simulations are presented in Fig. 3.
The calculated exciton temperature in the excitation spot
(Fig. 3(a)) is close to the temperature estimate above. Figure
3(b) shows the bare ramp potential Uramp and the ramp
potential screened by the exciton-exciton repulsion
Uramp þ u0nx. Figure 3(c) shows the density and PL intensity
of indirect excitons. The latter is qualitatively similar to the
measured PL intensity (Fig. 1(f)). Figure 3(d) shows the av-
erage transport distance of indirect excitons along the ramp
M1 as a function of exciton generation rate KðxÞ. Within the
model, the exciton transport distance along the ramp
increases with density due to the screening of the disorder in
the structure by repulsively interacting indirect excitons and
increases with temperature due to the thermal activation of
indirect excitons in the disorder potential. These features
observed in the model are qualitatively similar to the experi-
mental data, compare Figs. 2 and 3(d).
In summary, we report on the realization of an electro-
static ramp potential for indirect excitons using a shaped
electrode at constant voltage and on experimental and theo-
retical studies of exciton transport along the ramp.
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